Abstract--The rate of vapor-phase sorption of tetrahydrofuran (THF), tetrahydropyran (THP), and 1,4-dioxan (DIOX) onto a Wyoming montmorillonite saturated with AP + or Cr 3+ has been studied by isothermal gravimetry in the temperature range 18 ~ to 105~ using samples of different weights and grainsize distributions. The rate of sorption for all the cyclic ethers increased with decreasing sample and grain size, demonstrating that inter-, rather than intraparticle mass transfer was rate-determining. Optimization of the sample parameters (2 mg sample of <45-~tm grain size, pretreated at 120~ yielded integral diffusion coefficients at 18~ of 0.5 x 10 -14 m2/s for DIOX for the Cr3+-clay to 3.5 • 10 -~4 m2/s for THF for the A13+-clay; however, no temperature or cationic dependence of the cyclic ether uptake was observed. In general, the rate ofsorption of the cyclic ethers increased as THF >-THP > DIOX indicating that the sorption rate of THF and THP was dependent on concentration or that DIOX sorption was retarded by bidentate coordination to aluminum ions at the edges of the clay platelets.
INTRODUCTION
In studies of the production of methyl t-butyl ether (MTBE) from methanol and isobutene using trivalent cation-exchanged montmorillonites as catalysts Adams et al. (1982 Adams et al. ( , 1983 observed that cyclic-ether-type solvents gave comparable yields of MTBE at temperatures ~ 30~ lower than if hydrocarbon solvents had been used. Moreover, as Table 1 illustrates, the yield of MTBE depended on the actual cyclic ether used as solvent (Adams et al., 1982) . Obviously, the efficiency of the catalytic process was optimized if 1,4-dioxan (DIOX) was used as solvent, although the Cr 3+-and Fe3+-exchange forms gave respectable yields with tetrahydropyran (THP) and tetrahydrofuran (THF). Adams et al. (1983) suggested that DIOX was the best solvent because all the reactants and products were completely miscible in it, thereby facilitating the rapid distribution of all the participating molecules between the clay interlayer and the external medium and consequently preventing phase transfer from becoming a rate-controlling step. If a Langmuir-Hinshelwood or Rideal-type mechanism is assumed, the diffusion of molecules to and from the catalytic site must be considered as possible rate-controlling steps. Indeed, the diffusion of molecules in zeolites has proven useful in the elucidation of the controlling steps in the cracking of tricosane (n-C23H4s) and the shape-selective cracking of linear paraffins, but not isoparaffins (Derouane, 1983) .
Among the factors which have been found to influCurrent address: Chemistry Department, Sheffield City Polytechnic, Pond Street, Sheffield S 1 1WB, United Kingdom.
Copyright 9 1987, The Clay Minerals Society ence the diffusion ofadsorbate molecules in the channel network of zeolites are: (1) the size, charge, and concentration of cations, (2) the size, shape, polarity, and flexibility of the diffusing molecule, and (3) the geometry and dimensions of the channel network (Barrer, 1978) . Breen et al. (1987) studied the effect of sample size, particle size, and molecular size and shape of the diffusing molecules in clays by investigating the diffusion of methanol (MeOH), propan-2-ol (i-PrOH), and 2-methylpropan-2-ol (t-BuOH) on the same cationexchange forms used in this study. In contrast to the permanent size and shape of the conduits in an outgassed zeolite, the geometry and dimensions of the channel network in the interlayer space of clay minerals are not fixed, but are governed by the size of the adsorbed molecule (Breen et al., 1985) .
The study of the sorption dynamics of the three cyclic ethers THF, THP, and DIOX is important for several reasons. First, the molecules have about the same dimensions and contain no bulky substituents and thus should interact with the exchange cations in a similar manner. Second, because they appear as neither a reactant nor product in the catalytic mechanism, their purpose could be envisaged as propping the layers apart, thereby presenting the participating molecules with a uniform channel network. Third, due to the experimental limitations described elsewhere (Breen et al., 1987) , the rate of sorption can be studied only at the partial pressure that the solvent produces at room temperature (20~ These vapor pressure considerations allow a direct comparison of the sorption rates for DIOX, i-PrOH, and t-BuOH on the one hand, and MeOH, THF, and THP on the other. Consequently, additional information on the effect of molecular size and shape on the relative rate of diffusion of occluded molecules in clays can be obtained.
EXPERIMENTAL
The chemical analysis (Bennet and Reed, 1971 ) of the <2-#m, Na § fraction of the Wyoming montmorillonite (Volclay Ltd., Wallasey, Cheshire) used in this study gives rise to a layer formula of (AIL33Fe0.88Mg o 59)(Si3.9Aloj)Om(OH)2. The cation-exchange capacity (Adams et al., 1977) of this clay is 68 meq/100 g. The cation-exchange procedure and experimental details were described in detail elsewhere (Breen et al., 1987) , but pertinent details are repeated below.
Isothermal gravimetric traces were recorded on a Stanton Redcroft TG750 instrument whilst the sample (~2 mg of <45-#m grain size) was subjected to a flow of cyclic ether-saturated N2 carrier-gas at a rate > 200 cm3/min. The partial pressures for the cyclic ethers were 110, 110, and 30 mm Hg for THF, THP, and DIOX, respectively. All clay samples were heated at 120~ for 15 min in dry N2 and then allowed to cool to a known temperature ( 18 ~ 43 ~ 72 ~ or 105~ before the weight-uptake curve was recorded. The data were plotted as MJMoo vs. time, t (where M~ is the mass adsorbed at a time t and Moo is the equilibrium mass uptake) and fitted to the equation (Breen et al., 1987) : Expressed as a percentage of the total amount of water lost by heating to 5000(2.
2 120~ pretreated clay cooled in a desiccator prior to analysis.
3 As for footnote 3, then exposed to ether vapor for 16 hr. 
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Comparison of the sorption rates for the cyclic ethers, tetrahydrofuran (THF), tetrahydropyran (THP) and 1,4-dioxan (DIOX), and alcohols, methanol (MeOH), propan-2-ol (i-PrOH), and 2-methylpropan-2-ol (t-BuOH), on Cr3+-montmorillonite at 18~ ([2 = THF; [] = THP; O = MeOH, 9 = i-PrOH; A = t-BuOH; 9 = DIOX).
the sorption of the cyclic ethers on the trivalent cationexchanged clays was achieved using the method of Breen et aL (1987) based on the experimental arrangement of Eagan et al. (1971) .
X-ray powder diffraction traces were recorded using a JEOL JDS-8X difffractometer using CuKa radiation (X -1.5418 ~,) and operating at 40 kV and 20 mA. Table 2 contains the values for the amount of water lost by pretreatment at 120~ expressed as a percentage of the total amount of water lost by the various cationexchanged clays on heating to 500~ which is just less than the dehydroxylation temperature. Table 2 also lists the basal spacings of the 120~ pretreated clays subsequent to cooling in a desiccator and following exposure of a similar cooled, preheated clay to the ether vapor for 16 hr. Figure 1 presents the generally observed rate of cyclic-ether uptake, which decreased as THF ~ THP >> DIOX. The full lines in this and subsequent illustrations are the theoretical curves generated by the isothermal, 2-D diffusion model described by Breen et al. (1987) . The values for the diffusion coefficients obtained from this model, assuming a particle size of 1 /~m, are listed in Table 3 .
RESULTS
The open and closed symbols in Figure 2 utilize the uptake of THF and DIOX, respectively, on AI 3 +-mOntrnorillonite to illustrate that varying the temperature had little effect on the sorption rate. The full lines are not a poor fit of the 2-D model to this data, but are in fact the corresponding best fit lines to the uptake of THF and DIOX on Cr3+-montmorillonite and serve to illustrate that there is little cationic dependence of the uptake rate.
The temperature rise associated with the sorption of THF and DIOX on A13+-montmorillonite was 3 ~ and 0.25~ respectively. Breen et aL (1987) found that the rate of alcohol sorption increased with decreasing grain size and sampie size, indicating that inter-rather than intraparticle diffusion was the rate-controlling influence. Furthermore, the rate of sorption of the alcohols increased as MeOH -> i-PrOH > t-BuOH which could have been attributed to steric effects if the rate-limiting process was interlamellar transport. Inasmuch as this was not the case, the sequence was attributed to the 1/mv/-m--~ dependence if Knudsen diffusion was the major contributor to the mass transfer resistance.
DISCUSSION
The sorption rate of the cyclic ethers also increased with decreasing sample and grain size. Consequently, the optimum parameters of a 2-mg sample of < 45-#m grain size (Breen et al., 1987) were utilized in the present study. Figure 1 shows that the rate of cyclic ether sorption follows the general trend THF > THP >> DIOX. This sequence does not conform to the 1/x/mass dependence required for limiting Knudsen diffusion, but may well reflect a concentration dependence of the sorption rate insofar as THF and THP yield higher vapor pressures than DIOX. One further possibility exists, however: the 1,4-dioxan's sorption progress is retarded due to bidentate coordination of the ether to the aluminum ions at the edges of the clay platelets. Adams et aL (1987) suggested that a similar binding mechanism for methyl acrylate and methylmethacrylate inhibited their reaction with cyclopentadiene. In contrast to the observed cationic dependence of alcohol sorption rate which increased as Fe 3+ < Cr 3 § < AI 3+ , no cationic dependence of the cyclic ether sorption rate was detected. The values of the effective integral diffusion coefficients, 15, for the cyclic ethers were of the same order of magnitude as those for the alcohols which, together with the temperature independence of the sorption rate and the small temperature rise associated with the sorption process, indicates that bed diffusion is here also the rate-controlling influence. Figure 3 shows the rates of uptake of the alcohols MeOH, i-PrOH, and t-BuOH (Breen et aL, 1987) and the cyclic ethers from this study onto Cr 3 § rillonite at 18~ The observed sequence in this diagram reflects the general trend for the ml3+-form also which is THF > THP > MeOH -> i-PrOH > t-BuOH > DIOX. Grouping these solvents by comparable vapor pressure yields the two following trends: THF >-THP >-MeOH and i-PrOH > t-BuOH > DIOX. If experimental imprecision is taken into account, however, the solvents fall into two distinct groups having about the same sorption rate; i.e., THF, THP, MeOH, and i-PrOH are sorbed faster than t-BuOH and DIOX.
Comparison of cyclic ether and alcohol sorption
The optimization of the MTBE yield if DIOX was used as solvent may possibly be attributed to the fact that it is not sorbed at the same rate as the alcohols (which are reactants), whereas THF and THP are transported at about the same rate as the alcohols and may thus compete for active sites.
